Phantoms in Radiation Protection
Both calibration phantoms and dosimetric phantoms are used in radiation protection. In practice, computational models (see Section 8.4) are frequently used to define the physical quantities that have to be determined in the specification of dose equivalent, which generally can not be measured directly. Calibration phantoms are then fabricated for the calibration of the measurement systems (in-vivo counters, dosimeters, etc.) that are employed to determine these physical quantities. Dosimetric phantoms are used to establish the absorbed doses received by staff and patients in specialties such as radiodiagnosis.
Calibration Phantoms-External Radiation Sources. Personal radiation monitors are frequently calibrated for external radiation sources with calibration phantoms having simple geometries. These phantoms are volumes of tissue substitutes in the form of slabs, cubes, elliptical cylinders, etc. intended to simulate the body of the person wearing the monitor with respect to backscattered radiation. With the exception of the albedo neutron dosimeter, the presence of the phantom normally contributes less than 25% to the response of the detector. Consequently, the design requirements of the phantom are not stringent. However, the definitions of the new operational quantities given in ICRU Report 39 (ICRU, 1985a) focused renewed attention on their proper use, particularly for neutrons (Alberts, 1988; Bauer et al., 1988) . In use and selection, a calibration phantom for the production of full backscatter must take into account the following three points:
(a) The composition of the tissue substitute should represent soft tissue for the calibration radiation. For photons, the average atomic number of the material is important. Water, acrylics, polystyrene or similar low atomic number materials are appropriate. For neutrons below a few MeV, hydrogen is the most important elemental constituent in body tissue. However, if the phantom is sufficiently thick, scatter from deeper parts of the phantom can compensate for any reduction in attenuation that occurs due to the tissue substitutes having lower hydrogen content than those of the tissues being simulated. (b) The phantom must be sufficiently thick to provide sufficient scattering from the interior of the body. The thickness depends on the quality and energy of the radiation. In nearly all situations, 15 cm is an adequate thickness. (c) The contour of the phantom should be similar to that of the human torso, particularly if angular dependence measurements are to be 31 made. However, if it is necessary to calibrate a large number of dosimeters, a curved surface may not be practical because of the resulting limitation on the number of dosimeters that can be accommodated. Use of the ICRU 30 cm diameter sphere, for which only one dosimeter at a time can be exposed, is the extreme example of this limitation (Table B .2.62). For most routine calibrations, a phantom with a 30 cm x 30 cm square cross-section and 15 to 30 cm thick is acceptable. The exception of albedo neutron dosimeters has already been noted. They depend heavily on the backscattered radiation from the body and must be worn on the surface of the body for proper response. Therefore, albedo dosimeters must be calibrated on the surface of an appropriate phantom (Hankins, 1980; Alberts, 1988) .
Calibration Phantoms-Internal Radiation Sources. Another major application of calibration phantoms in radiation protection is calibrating counting systems used to assay internally deposited radionuclides. The complexity of these phantoms depends primarily on the radionuclides being measured. Activation and fission product nuclides generally decay with emission of photons that are sufficiently energetic that precise simulation of tissue composition is not necessary. Moreover, they tend to be distributed throughout the body, so that simple arrays of containers filled with radioactive solution often provide adequate simulation. For example, the BOMAB phantom is used for this kind of measurement (Bush, 1949; Delafield, 1974) (Table B. 
2.2) .
Active calibration phantoms are used for the measurement of radioiodine in the thyroid gland. Simplified phantoms can be made that simulate the neck and thyroid for counting purposes (IAEA, 1962; ANSI, 1973) (Table B .2.31). Such phantoms can readily be made in large numbers for widespread use.
Sodium-24 activation during a criticality accident is a very useful tool for the estimation of neutron exposure (Hankins, 1968; Delafield, 1974) . One important aspect of the dosimetry intercomparisons that are conducted to develop and refine such dosimetry techniques is the use of a hollow phantom filled with a solution of a sodium salt. Aliquots of the solution are recovered following the neutron exposure, usually from a pulsed reactor, and distributed to laboratories making the measurements for assay of the neutroninduced sodium-24. The most commonly used phantom for this purpose is the BOMAB phantom (Bush, 1949; Delafield, 1974) (Table B .2.2). However, the more realistic REMAB phantom has also been employed (Hankins, 1968) (Table B. 
2.14).
When internal dosimetry requires detection of weakly penetrating radiation or there is a need to quantify highly non-uniform depositions of radioactive material, more elaborate body phantoms are necessary, with replicated organs having incorporated radioactivity. The most challenging internal dosimetry problem is the measurement of transuranic nuclides, particularly plutonium-239. This decays with an absence of a significant level of energetic photons and only 4.6% of the disintegrations are accompanied by emission of 17 keV x rays. Measurements most often need to be made over the active lungs. Therefore, accurate measurements require precise simulation of the thoracic anatomy, including careful representation of the various tissues present (heart, lung, osseous tissue, adipose tissue, muscle, cartilage, etc.). Errors of 1 mm in the thickness of overlaying tissues can result in errors in transmission of 12% (Anderson et al., 1981) . A 5% error in the simulation of the linear attenuation coefficient of the body tissue will lead to a 12% error in the expected transmission of the 1 7 ke V x rays through 2.5 cm of muscle (a typical adult chest wall thickness).
A number of complex anthropomorphic calibration phantoms have been made to improve the accuracy of in-vivo lung counter calibration (Griffith et al., 1979 (Griffith et al., , 1984 Fry and Sumerling, 1982; Shirotani, 1988) (Tables B.2. 40, B.2.41, B.2.39) . These phantoms are designed to represent the chest as closely as possible, with particular attention given to the lungs (which contain radioactive material), ribs and soft tissues in the chest wall. Although water-filled plastic shells have been used with lungs made of a low-density lung substitute, most phantoms are solid and made with either epoxy or polyurethane-based muscle substitutes. Simulation of the rib cage of Europeans and people of European ancestry (e.g., North Americans) is difficult because the only commercially available human skeletons have been from non-European sources. When significantly smaller rib cages are used in phantoms replicating the body size of a European or North American, the lungs are too small and the chest walls are too thick for proper simulation. One solution to this problem is to produce ribs modelled from cadavers of the appropriate size using bone substitutes (Griffith et al., 1984) . Results of careful measurements have shown that this can be done effectively (Newton et al., 1984) .
Anatomical variability is an important factor in the development of realistic body phantoms for measurements of transuranic nuclides, particularly plutonium-239. Phantom construction needs to take into account normal variations in the stature of the local radiation worker population (Griffith et al., 1979) , differences between male and female and any ethnic variations.
Dosimetric Phantoms. It is sometimes necessary to measure absorbed doses or dose distributions from external radiation sources. This may be necessary during the assessment of the risk to a patient from a specific diagnostic procedure (e.g., mammography) or the measurement of personnel dose following an accident or significant over-exposure. The degree of realism in the phantom depends on the type of radiation involved and the accuracy required. The dosimetric phantom used can be as simple as a block or sheets of an appropriate tissue substitute. The standard dosimetric phantoms described in Section 5.1 for intercomparing diagnostic x-ray equipment under standard conditions, with their associated dimensional tolerances, fall into this category and may be used for establishing typical absorbed doses received by patients undergoing x-ray imaging procedures (Tables B.2.24, B.2.55, B.2.69, B.2.80) . At the other extreme, more realistic body phantoms may be used (Alderson et al., 1962; Nikl, 1965) (Tables  B.2 .13, B.2.67) although the suitability of the tissue substitutes should first be established for the type and energy of radiation being tested.
The use of dosimetric phantoms in radiation protection for dose estimations should not introduce uncertainties that are greater than 10%.
Specifications of the phantoms used in radiation protection are given in Appendix B.
